PURPOSE. To determine whether retrobulbar blood flow (RBF) velocities are predictive of conversion to glaucoma.
METHODS.
A total of 262 glaucoma suspects were prospectively selected. Participants had normal visual field, increased intraocular pressure, and glaucomatous optic disc appearance at baseline. Topographic analysis of the optic nerve head was performed using a confocal laser scanning ophthalmoscope and the blood flow velocity of retrobulbar vessels was measured by color Doppler imaging. Conversion to glaucoma was assessed according to the changes in the color-coded Moorfields Regression Analysis (MRA) classification of the confocal laser scanning system during a 48-month follow-up period. Survival curves and hazard ratios (HRs) for the association between RBF parameters and conversion to glaucoma were calculated.
RESULTS. End-diastolic velocity and mean velocity in the ophthalmic artery were reduced in subjects that converted to glaucoma based on MRA (36 individuals, 13.7%), while resistivity (RI) and pulsatility indices were increased in the same vessel. Patients with RI values lower than 0.75 in the ophthalmic artery had a survival rate (MRA-converters versus nonconverters) of 93.9%, whereas individuals with RI values greater than 0.75 had a survival rate of 81.7% (HR ¼ 3.306; P ¼ 0.002).
CONCLUSIONS. Abnormal RBF velocities measured by color Doppler ultrasound may be a risk factor for conversion to glaucoma. An RI value higher than 0.75 in the ophthalmic artery was associated with the development of glaucoma. (Invest Ophthalmol Vis Sci. 2012;53:3875-3884) DOI: 10.1167/iovs.11-8817 G laucoma, a major cause of blindness worldwide, 1 is a progressive multifactorial optic neuropathy characterized by the loss of ganglion cells and their axons in the retina. 2 Elevated intraocular pressure (IOP) is a well-known major risk factor for glaucoma. Nevertheless, in a large proportion of patients, glaucoma progresses independent of therapeutic IOP reduction. Based on the results of the Early Manifest Glaucoma Trial, Heijl et al. 3 reported that 45% of glaucoma patients progressed despite an average IOP reduction of 25% at the 6-year follow up. Leske et al. 4 observed that 67% of patients progressed over 11 years of follow-up despite IOP reduction.
Accumulating evidence over the past two decades suggests that vascular factors play a role in glaucoma pathogenesis. Vascular dysregulation, or the failure of the blood perfusion system to adjust to the blood flow requirements of the optic nerve head (ONH), may lead to unstable or low ocular perfusion. [5] [6] [7] Although the mechanisms underlying the vasodilator and vasoconstrictor responses to changes in ocular perfusion pressure remain unknown, a breakdown in the autoregulation of the ONH blood flow is proposed as a mechanism in glaucoma pathogenesis. 6 Retrobulbar blood flow (RBF) regulation is strongly dependent on ocular perfusion pressure as well as on IOP itself. Thus, glaucoma may involve both mechanical and vascular factors, either independently or by their influence on each other.
Previous studies suggested a relationship between systemic circulatory disorders, reduced flow in the retrobulbar and ocular vessels, and glaucoma progression or severity. [7] [8] [9] [10] Evidence for decreased optic nerve blood flow in relation to visual field damage has been reported in glaucoma patients. [11] [12] Nevertheless, based on available data, this is the first study to evaluate the relationship between RBF velocities and the development of glaucoma based on structural changes of the ONH over a long time period.
METHODS
The study adhered to the tenets of the Declaration of Helsinki and was approved by the institutional review board of the study hospital. Patients with suspected glaucoma were recruited as part of ongoing studies within the Glaucoma Service of the Miguel Servet University Hospital at Zaragoza (Spain). All individuals from December 2004 to July 2005 who met the inclusion criteria were consecutively preselected for the present study.
A glaucoma suspect was defined as having a glaucomatous optic disc appearance (as determined by clinical assessment, see definition below), elevated IOP ( ‡21 mmHg), and normal standard automated perimetry (SAP). Inclusion criteria were: best-corrected visual acuity of 20/40 or better; refractive error of less than 5 spherical diopters (D) and 2 D cylinder; transparent ocular media (nuclear color/opalescence, cortical, or posterior subcapsular lens opacity <1) according to the Lens Opacities Classification System III system 13 ; and open anterior chamber angle. The exclusion criteria were intraocular surgery within 3 months before inclusion in the study or through the follow-up period, diabetes, history of ocular or neurologic disease, and current use of a medication that could affect visual field sensitivity.
A total of 290 eyes of 290 glaucoma suspects were prospectively pre-enrolled. All the baseline examinations were performed within 6 weeks of the subject's date of enrollment into the study. When both eyes fulfilled the inclusion criteria, only one eye per subject was randomly chosen for the study.
Study Protocol
Participants underwent a comprehensive ophthalmologic examination: clinical history, visual acuity, biomicroscopy of the anterior segment using a slit-lamp, gonioscopy, Goldmann applanation tonometry, ultrasonic pachymetry, and ophthalmoscopy of the posterior segment. Additionally, a fasting blood sample was obtained from an arm vein to determine triglycerides, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and plasma glucose levels.
At least one reliable SAP test per year was performed using an automated visual field perimeter (Humphrey 750i Visual Field Analyzer; Carl Zeiss Meditec, Dublin, CA) with the SITA Standard 24-2 program. Near addition was added to the subject's refractive correction. If fixation losses were greater than 20% or false positive or false negative rates were greater than 15%, the test was repeated. Participants completed the perimetry tests prior to any clinical examination or structural test. A normal SAP was defined as visual field indices (mean deviation and pattern standard deviation) within 95% confidence limits, with fewer than three non-edge contiguous points within the same hemifield identified as significant (P < 0.05) in the pattern deviation plot, and glaucomatous hemifield test results within normal limits. Visual field progression was evaluated with a linear regression analysis between mean deviation of SAP and age, 14 and progression was defined as a significant negative trend detected at the 48-month follow-up visit with respect to baseline.
Clinical assessment of the ONH was performed after mydriasis (0.5% tropicamide; Alcon Laboratories Inc., Fort Worth, TX) by evaluating stereophotographs of the optic disc (Canon CF-60UV fundus camera; Canon Inc., Tokyo, Japan). The photographs were evaluated by two glaucoma specialists (AF and LP) blinded to the patients' identity and clinical history. Glaucomatous optic disc morphology was defined as diffuse neuroretinal rim narrowing with concentric enlargement of the optic cup, localized notching, or both. 15 Any disagreement was resolved by consensus.
Topographic analysis of the ONH was performed using a confocal scanning laser ophthalmoscope (Heidelberg retina tomograph [HRT3]; Heidelberg Engineering, Heidelberg, Germany). Only scans with ''acceptable,'' ''good,'' or ''very good'' image quality scores were included in the study. The HRT3 software displays several windows in which the topographic results are detailed: stereometric parameters, the Moorfields Regression Analysis (MRA) classification, the Glaucoma Probability Score (GPS) classification, and interactive measurements. [16] [17] [18] [19] The MRA 17 compares a subject's rim area with the predicted rim area for a given disc area and age, based on confidence limits of a regression analysis derived from an internal database. The optic disc is divided into six color-coded sectors, and each sector is classified as ''within normal limits'' if the percentage of the rim falls within the 95% confidence interval (CI; colored green); ''borderline'' if the percentage of the rim is between the 95% and 99.9% CI (colored yellow); and ''outside normal limits'' if the result is greater than the 99.9% CI (colored red).
Blood flow velocities of retrobulbar vessels of each eye were measured by color Doppler imaging (CDI) using a 7.5-MHz linear phased-array transducer (Sonoline Sienna; Siemens, Erlangen, Germany). IOP, and systolic and diastolic blood pressure readings were acquired immediately before performing CDI measurements. Although CDI cannot measure volumetric blood flow, it is a noninvasive technique for measuring blood velocities, 20 such as peak systolic velocity (PSV), ending diastolic velocity (EDV), and mean flow velocity (MV) in the ophthalmic artery (OA), the central retinal artery (CRA), and the temporal and nasal short posterior ciliary arteries (TPCA and NPCA, respectively). Additionally, some indices can be obtained from these main variables: Pourcelot's resistivity index (RI ¼ [PSV-EDV]/ PSV); the pulsatility index (PI ¼ [PSV-EDV]/MV), and the systolic/ diastolic ratio (S/D). 21, 22 The CDI transducer was gently placed on the closed upper eyelid using coupling gel, taking care to minimize pressure on the globe. All subjects were in the supine position during the examination. The same trained radiologist (PS) performed all tests following standard procedures. 20 PSV, EDV, MV, RI, PI, and S/D were measured from the OA, CRA, TPCA, and NPCA. Maximum velocity (V max ), minimum velocity (V min ), MV, and PI were also obtained from the central retinal vein (CRV).
Follow-Up and Definition of Study Endpoints
CDI was performed only during the baseline examination and patients were required to have at least a 48-month follow-up, with a minimum of a once yearly reliable HRT examination, unless they reached the criteria for conversion to glaucoma.
In this study, conversion to glaucoma was defined by a change of at least three sectors in the color-coded MRA classification at any moment during the 48-month follow-up. 17 A change in the MRA classification (from within normal limits to borderline, from borderline to outside normal limits, or from normal to outside normal limits) in any of the following four sectors, nasal superior, temporal superior, nasal inferior, or temporal inferior, was considered to be a sector change. The temporal and nasal sectors of HRT3 were excluded from the statistical analysis because the superior and inferior sectors of the optic disc are the most sensitive for the detection of early glaucomatous changes. 19, [23] [24] [25] [26] [27] [28] [29] Thus, the sample was divided into two groups: subjects who converted to glaucoma (MRA-converters), which included participants with worsening in at least three MRA sectors during the follow-up period, [30] [31] [32] and subjects who did not convert to glaucoma (nonconverters), comprised of participants who did not meet the previous condition.
Among MRA-converters, the follow-up time was defined as the period between the HRT baseline visit and the date of the three-sector deterioration of the MRA (the study endpoint). Among nonconverters, the follow-up time was defined as the time between the HRT baseline visit and the date of the last available HRT test result. Participants were not treated during the follow-up period unless they met the MRAconversion criterion (end of follow-up period). They were then treated at the discretion of the attending ophthalmologist.
Statistical Analysis
All statistical analyses were performed using IBM's statistical software (SPSS version 19.0; IBM Corporation, Somers, NY).
OPP was calculated as the difference between the arterial blood pressure and the IOP (which is considered a substitute for venous pressure), according to the following formula: OPP ¼ (1/3 systolic blood pressure þ 2/3 diastolic blood pressure) · 2/3 À IOP.
CDI measurement reproducibility was determined by calculating the coefficient of variation (COV) between three consecutive PSV, EDV, MV, and RI measurements of the OA, CRA, TPCA, and NPCA. Each COV was calculated as the relevant standard deviation divided by the mean of the measurement values expressed as a percentage.
The main statistical analysis performed in this study was a survival analysis, which is the name for time-to-event analysis. The point of survival analysis is to follow subjects over time and observe the time point at which they experience the event of interest. The HR is the probability that an individual experiences an event at a determined time while that individual is at risk for an event. In this study, an event was considered to be the worsening of at least three MRA sectors (excluding nasal and temporal sectors) with respect to the baseline exam, as described above. Censoring occurred when three MRA sectors changed or at the end of the study period (48 months).
Survival analysis was performed to evaluate the conversion to glaucoma based on MRA results, and compare the development of glaucoma depending on baseline RI (cut-off point of 0.75). 33 Differences in the Kaplan-Meier survival plots were calculated by the log-rank test. HRs and 95% CI for associations between RBF velocities and MRA conversion were determined using Cox regression models. Only the raw flow velocities in the studied vessels (PSV, EDV, MV, V max , and V min ) were included in the model and the RBF parameters calculated from the raw flow velocities (RI, PI, and S/D) were excluded from the analysis. Nevertheless, HRs of conversion to glaucoma based on an RI in the OA over and below 0.75 and 0.78 were calculated. For all analyses, P < 0.05 was considered statistically significant. Nevertheless, when multiple comparisons were performed, the Bonferroni correction was applied to make the level of significance P < 0.002.
RESULTS
From the initial group of 290 glaucoma suspects who fulfilled the inclusion criteria, 2 did not provide informed consent, 20 did not complete all of the required tests, and 6 were unable to perform at least one of the tests included in the study protocol. These 28 cases were excluded and finally 262 eyes of 262 patients of Caucasian origin were included in the statistical analysis. The images obtained with the HRT3 for all preselected individuals had at least ''acceptable'' quality. The KolmogorovSmirnov test confirmed that all variables analyzed in this study followed a normal distribution.
The COVs in the OA were 7.4%, 8.5%, 8.2%, and 1.3% for PSV, EDV, MV, and RI, respectively. In the CRA, the COVs for PSV, EDV, MV, and RI were 9.1%, 10.3%, 10.0%, and 1.8%, respectively. In the TPCA, the COVs for PSV, EDV, MV, and RI were 15.5%, 15.7%, 15.3%, and 2.5%, respectively. In the NPCA, the COVs for PSV, EDV, MV, and RI were 15.2%, 16.6%, 16.4%, and 2.9%, respectively.
The study sample included 122 males and 140 females. Mean age was 51.5 6 11.0 years, mean IOP was 23.56 6 2.4 mmHg, and mean deviation of SAP was À0.49 6 1.4 decibels.
As defined above, according to the changes in the MRA over the 48-month follow-up, the sample was divided into two groups: 36 MRA-converters (13.7%) and 226 nonconverters (86.3%, Fig. 1 ). Table 1 shows the clinical characteristics of each group included in the study at baseline. There were no differences in age, best-corrected visual acuity (BCVA), IOP, central corneal thickness, mean deviation of SAP, pattern standard deviation of SAP, systolic and diastolic blood pressure, OPP, plasma glucose, and lipid profile between MRA-converters and nonconverters. Nevertheless, MRA-converters had a higher vertical-cup-to-disc ratio in stereophotographs than the nonconverter group. No significant changes in IOP were detected in any of the groups during the follow-up period.
Forty-seven eyes (17.9%) showed a significant negative trend based on the mean deviation of SAP. Twenty MRA converters also showed visual field worsening (55.5%). The agreement for detecting conversion to glaucoma evaluated by structural and functional tests was fair, with a kappa statistic of 0.38 (standard error, 0.07) between MRA conversion and visual field deterioration. Table 2 shows the color-coded parameters of the MRA classification of the population at baseline. Most sectors in most individuals were within normal limits, and the most frequent abnormal sector was the nasal inferior (11.1%). At the beginning of the study, very few MRA sectors were outside normal limits, but around 90% of participants had at least a borderline sector.
EDV, RI, PI, and S/D of the OA were significantly different at baseline (Student t-test, P < 0.05) between MRA converters and nonconverters (Table 3 ). The OA was the vessel with the largest difference between groups, and all hemodynamic parameters of the OA, except PSV and MV, were significantly different. The MRA converters had reduced EDV of the OA and FIGURE 1. Kaplan-Meier survival plot (conversion to glaucoma curve). Thirty-six (13.7%) patients had at least three MRA sectors changing from within normal limits to borderline (or outside normal limits) or from borderline to outside normal limits. Nasal and temporal sectors were excluded from the analysis.
increased RI and PI of the OA compared with the nonconverters.
Because RI is one of the most reliable hemodynamic parameters [34] [35] [36] [37] [38] (in this study, intraclass correlation coefficient for three consecutive measurements of RI of the OA was 0.968) and the greatest number of significant differences between MRA converters and nonconverters was in the OA, study authors calculated the survival and HR of glaucoma suspects with an RI of the OA, choosing 0.75 as the RI cut-off point for conversion to glaucoma (which was the mean RI of the OA obtained in the group of nonconverters and the mean RI of the OA described by Galassi et al. in a healthy population). 33 Thus, the whole sample was classified into two subgroups, according to the RI of the OA: 98 individuals had an RI lower than 0.75 and the remaining 164 had an RI greater than 0.75. At the end of the 48-month follow-up period, 30 patients in the group with an RI greater than 0.75 and 6 patients in the group with an RI lower than 0.75 met the criteria for conversion to glaucoma. The group with RI values lower than 0.75 in the OA had a survival rate of 93.9% at the 48-month follow-up (Fig. 2) , while the probability of survival in the group with RI values greater than 0.75 decreased to 81.7% (P ¼ 0.007; log-rank test). RI values over 0.75 in the OA positively correlated with conversion to glaucoma (HR: 3.306; 95% CI ¼ 1.448-7.547; P ¼ 0.002). Based on the results of Galassi et al., 34 study authors also selected an additional cut-off point of 0.78 for the RI of the OA (150 participants had an RI of the OA < 0.78 and 112 had an RI of the OA ‡ 0.78). With this condition, the HR increased slightly up to 3.757 (95% CI ¼ 1.812-7.794; P < 0.001). Table 4 shows the RBF velocities for both the 0.75 and 0.78 RI-defined subgroups. RI, PI, and S/D of the OA, CRA, and TPCA differed between each RI-defined subgroup. EDV and MV only differed in the OA, and RI of NPCA was only different for the 0.78 RIdefined subgroups.
Neither the clinical variables (age, triglycerides, HDL cholesterol, LDL cholesterol, glycemia, systolic blood pressure, diastolic blood pressure, and OPP) nor the ophthalmic parameters (IOP, central corneal thickness, mean deviation, and pattern deviation of SAP) were significant in the Cox regression model; only the vertical cup-to-disc ratio evaluated by stereophotographs was significant (HR 1.973 per 0.1 increase; 95% CI ¼ 1.106-3.518; P ¼ 0.021).
With respect to the RBF velocities, each unit increase in the PSV of the OA resulted in a 6.2% increase in the risk of developing glaucoma (HR: 1.062; 95% CI ¼ 1.008-1.120; P ¼ Because the vertical cup-to-disc ratio in the stereophotographs differed at baseline between the MRA converter and Values are expressed as mean 6 standard deviation. P < 0.002 was considered statistically significant (in bold print).
nonconverter groups, further analysis was performed. The whole sample was stratified into two subgroups according to this parameter. A 0.5 cut-off point was selected because it was the mean cup-to-disc ratio of the nonconverter group and the median value of the range for this variable. The clinical characteristics of both subgroups are detailed in Table 5 . The vertical cup-to-disc ratio did not differ between MRA converters and nonconverters of each subgroup. The RI of the OA was higher in the MRA converters with a cup-to-disc ratio higher than 0.5 (Table 6 ). In the subgroup with a cup-to-disc ratio 0.5, the Mann-Whitney U test was used because the MRA converters group included only six cases. RBF velocities in the OA, CRA, TPCA, NPCA, and CRV were not significantly different in this subgroup.
All 36 MRA converters were treated with ocular hypotensive drugs and neither HRT3 nor SAP showed any significant worsening through the end of the follow-up period.
DISCUSSION
Based on currently available data, this is the first study prospectively evaluating the predictive value of RBF velocities for conversion to glaucoma in glaucoma suspects. In contrast to a retrospective design in which the follow-up duration, frequency, and number of investigations may vary considerably among patients, all participants were followed up for 48 months with examinations performed using a standardized protocol. Moreover, conversion to glaucoma was defined by objective changes measured by HRT, which is a validated technology for diagnosing and monitoring ONH changes in patients with glaucoma or at risk for developing the disease. 19, [24] [25] [26] 28, 29 Our long follow-up period allowed us to obtain enough MRA converters to provide reliable results, especially because the glaucomatous ONH changes usually occur slowly and progressively in this kind of patient.
The findings of the present study confirm the relationship between abnormal RBF velocities and conversion to glaucoma. Glaucoma suspects who converted to glaucoma during the 48-month follow-up period based on MRA exhibited significantly lower EDV and significantly higher RI and PI values in the OA at baseline, compared with the group of glaucoma suspects who did not convert to glaucoma. Similar outcomes were reported by Galassi et al. 34 comparing patients with stable glaucoma and glaucoma progression, and Butt et al. 39 comparing healthy and glaucoma patients.
Differences in the RBF velocities between MRA converters and nonconverters were observed in the OA. Although most of the blood coming from the OA does not go into the eye, this is the retrobulbar artery with the largest lumen. Thus, the OA is the most easily located by the investigator and their measurements are more reproducible than those of other small diameter vessels. 35 Because the IOP was not different between both groups, these RBF velocities in individuals at risk for glaucoma may play a role in the development of the disease. In the multivariate analysis, hemodynamic variables were the only factors related to conversion to glaucoma aside from the vertical cup-to-disc ratio evaluated by stereophotographs (HR: 1.973). Nevertheless, this result must be analyzed carefully. Because one condition included in this study was glaucomatous ONH appearance, and study criteria for glaucoma conversion were based on changes in the MRA of HRT3-which is a linear regression that takes into account the relationship between optic disc size (optic disc area) and rim area or cup-disc area ratio 17 -study definitions for glaucoma suspect and glaucoma conversion may have produced a bias toward this ONH parameter.
The OA is the main source of blood supply to the optic nerve and the short posterior ciliary arteries are the main source for ONH perfusion. 40 Some previous studies reported that glaucoma patients had reduced circulation in these vessels measured by scanning laser Doppler flowmetry, 41 or by CDI, 11, [42] [43] [44] [45] [46] while other authors 34 reported no differences in the short posterior ciliary arteries. The results of the current study confirmed those of Galassi, 34 who reported no differences in the CRA between patients with stable and deteriorating visual fields. In the same way, the authors of this present study did not demonstrate that RBF velocities of the CRA differed between glaucoma suspects and patients with structural changes of the ONH. Different study designs, techniques for evaluating the RBF variables, and criteria for classifying the groups make it difficult to compare results among diverse studies. Moreover, CDI has some limitations. On the one hand, it is very difficult to determine if the vessel being studied is actually a short ciliary artery or a long ciliary artery. On the other hand, given the small size of these vessels, the proximity between them, and the variability in number and position, it is possible that more than one ciliary artery was analyzed at the same time. Furthermore, adjustments of the insonation angle are required, although in many cases it is difficult to obtain an adequate record. Thus, measurements of the short posterior ciliary arteries have the lowest reproducibility. [34] [35] [36] [37] [38] Because these vessels are branches of the OA, however, it can be assumed that factors that modify blood flow in the OA also affect blood flow in the short posterior ciliary arteries, and hemodynamic differences are likely to be found for CRA, TPCA, and NPCA similar to those observed for the OA between MRA converters and nonconverters. In the present study, the higher variability of RBF velocities for the CRA, TPCA, and NPCA compared with the OA, may explain why study authors were unable to observe those differences in vessels smaller than the OA.
The ability of the HRT to detect glaucomatous changes of the ONH has been widely validated. Based on several studies, 19,24-26,28,29 the temporal and nasal sectors are generally less sensitive for detecting glaucomatous changes, which is why these sectors were excluded from the statistical analysis. The retinal nerve fiber layer bundles are thicker in the superior and inferior regions and thinner in the temporal and nasal areas; consequently, the HRT can more easily measure changes in the vertical axis. Moreover, the superior and inferior poles of the ONH are affected first in the early stages of glaucoma (inferior-superior-nasal-temporal rule). 19, [23] [24] [25] [26] [27] [28] [29] We evaluated the survival of glaucoma suspects based on a 0.75 cut-off point for the RI of the OA because this parameter is independent of the insonation angle, includes systolic and diastolic velocity values, and is the most reproducible parameter in Doppler ultrasound (coefficient of variation around 6%). [40] [41] [42] [43] [44] We found statistical differences in the RI of the OA between the MRA converters and nonconverters (P ¼ 0.007, log-rank test). This analysis revealed a significantly higher conversion rate to glaucoma in subjects with baseline RI values greater than 0.75. Study data are consistent with those of Galassi et al. 34 reporting an odds ratio of visual field deterioration of 6.61 (95% CI: 1.67-26.1; P ¼ 0.007) in glaucoma patients with an OA RI of 0.78 or higher. We found that an OA RI ‡ 0.78 increased the risk of MRA conversion (HR: 3.757; 95% CI ¼ 1.812-7.794; P < 0.001) by 3.75 times, and that individuals with an OA RI ‡ 0.75 had a 330% greater probability of worsening in three MRA sectors (HR: 3.306; 95% CI ¼ 1.448-7.547; P ¼ 0.002). Study authors also observed that although PSV, EDV, and MV did not differ for the CRA and TPCA, the indices derived from these velocities (RI, PI, and S/D) were different in these vessels for both IR-defined subgroups. Thus, study authors expected to find glaucomatous changes in smaller retrobulbar vessels than OA if the accuracy of the CDI measurements could be increased and the operator variability of RBF velocities for the CRA, TPCA, and NPCA could be reduced. When the sample was divided into subgroups according to the vertical cup-to-disc ratio in stereophotographs, this variable did not differ between MRA converters and nonconverters in either subgroup; and the RI of the OA was higher in the MRAconverter group with a cup-to-disc ratio higher than 0.5. In the subgroup with a cup-to-disc ratio 0.5, study authors did not observe any significant difference in the RBF velocities in the OA (or other smaller vessels) because the MRA-converter group included only six cases and differences were only considered significant when P < 0.002. Although RBF velocities for the OA in this subgroup were not significantly different, they should be taken into account clinically because they would likely be significant in a larger sample.
The usefulness of ultrasonographic measurement of RI in ocular blood vessels, however, is not fully understood. Polska et al. 47 reported that RI is not a valid indicator of vascular resistance in the CRA, and suggested that velocity changes as assessed in retrobulbar vessels cannot be extrapolated to changes in blood flow. Because CDI does not measure volumetric blood flow, but rather blood velocities, study results must be interpreted accordingly. Study authors found that RI in the OA was reduced in the MRA-converter group. This is a significant finding in clinical practice, but it is likely that IR in OA does not providing a good measure of the true distal vascular resistance in this vessel.
The aim of this study was not to evaluate the effect of RBF velocities in visual field progression, but in predicting damage to the ONH. Thus, the study was designed such that only the required test was performed to avoid an excess number of visits and exams that may contribute to increased losses though the follow-up period. Currently, there is a lack of general agreement for a definition of clinically significant progression; nevertheless, it has been suggested that event analyses (such as that used to define MRA conversion) and trend-based methods (regression analysis to measure rates of change, used in this study to define SAP deterioration) are the best approaches. 48 Study authors compared the performance of SAP and HRT to detect conversion to glaucoma, and their results were similar to those of previous studies reporting a mild agreement between functional and structural tests. 29, 49, 50 With a longer follow-up, it is possible that the changes detected by only MRA or SAP would be detected by both techniques, leading to better agreement between methods.
Among the available methods to evaluate the vascular component in glaucoma, CDI seems to be the most advisable because of its noninvasivity and acceptable reproducibility. The ability of any technology to detect change is related to the magnitude of the change relative to the measurement variability of the instrument. Furthermore, the variability and accuracy to measure RBF velocities depends on the experience of the Doppler ultrasound operator. In the current study, the same trained radiologist (PS) performed all of the CDI tests, to reduce the effect of operator skill. COVs for this radiologist for PSV, EDV, MV, and RI in the OA were 7.4%, 8.5%, 8.2%, and 1.3%, respectively. The variability of CDI measurements increased as the lumen of the examined vessel decreased. These reproducibility measurements are similar to those reported by other authors. [34] [35] [36] [37] [38] A limitation is that only one vascular bed was evaluated in this study, and no information on retinal or choroid blood flow was analyzed. Another limitation is that while both the MRAconverters and nonconverters had comparable clinical characteristics at baseline, other unevaluated factors may have contributed to the MRA conversion to glaucoma, such as genetics and life habits. Nevertheless, the multivariate analysis revealed no other significant factors among the studied variables.
Previous population-based studies demonstrated that IOP has an important role in the development and progression of glaucomatous optic disc neuropathy. [51] [52] [53] [54] [55] These previous studies provide strong evidence that the prevalence of primary open-angle glaucoma is higher as the IOP level increases. Thus, we selected individuals with an elevated IOP to obtain a sample population at high risk for conversion to glaucoma. Because the study sample did not include patients with normaltension glaucoma, the results may not apply to these patients.
The results of this study are consistent with the wide evidence supporting the effect of vascular factors in the pathogenesis of glaucoma. [5] [6] [7] Significant abnormalities of blood flow in the OA may increase the risk of developing a glaucomatous optic neuropathy.
